Isolation of cholesterol-rich TGN membrane microdomains
twice with ice-cold PBS (pH 7.4) to remove culture medium, followed by 1 min in ice-cold 10 mM Tris/HCl (pH 7.4) to induce osmotic swelling as an aid to cell disruption. The osmotic buffer was quickly decanted, and the cells were scraped into an ice-cold homogenization buffer composed of 10 mM Tris/HCl, 1 mM EGTA, 0.5 mM EDTA, 0.25 M sucrose (pH 7.4), and Complete™ protease inhibitors (Roche), and then homogenized with ten strokes of a loose-fi tting Dounce homogenizer. The disrupted cells were transferred to 1.5 ml polypropylene microcentrifuge tubes. All subsequent steps were carried out at 4°C or on ice. Postnuclear supernatants (PNS) were obtained by centrifugation of the cell homogenate for 10 min at 1,000 g . The 1,000 g nuclear pellet was resuspended in 1 ml of homogenization buffer, sonicated with a Vibra™Cell probe sonicator (Sonics) at amplitude setting 40 in pulsed mode, and stored as the nuclear pellet fraction. Postnuclear supernatants were centrifuged at 8,000 g for 20 min at 4°C in a bench-top centrifuge to pellet the plasma membrane, mitochondria, and rough endoplasmic reticulum. After decanting off the supernatant for sucrose density gradient fractionation, the 8,000 g pellet was resuspended in 1 ml of homogenization buffer and sonicated by 3 × 5 s bursts with a Sonics Vibra™cell probe (Sonics) sonicator at amplitude setting 40 operated in pulsed mode and stored as the p8000 pellet fraction. The post-8,000 g supernatant was equilibrated in 100 mM sodium carbonate pH 11.0 for 5 min, sonicated by 3 × 5 s bursts with a Vibra-cell probe (Sonics) sonicator at amplitude setting 40 operated in pulsed mode. This sonicated fraction was transferred to a 12 ml polycarbonate ultracentrifuge tube (Beckman) and adjusted to 40% (w/v) sucrose by the addition of an equal volume of 80% (w/v) sucrose in 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 1 mM EGTA to give a fi nal volume of 4 ml. The sample was overlaid with 4 ml of 35% (w/v) sucrose, followed by 4 ml of 5% (w/v) sucrose, and subjected to discontinuous equilibrium sucrose density gradient centrifugation overnight at 4°C at 180,000 g using a swing-out SW41 Beckman rotor. Then 1 ml gradient fractions were harvested beginning from the top of the tube and stored at Ϫ 20°C. While the data presented here pertains to overnight ultracentrifugation experiments, trial experiments revealed that it was possible to obtain similar results by reducing the centrifugation time to 4 h.
Subcellular fractionation by continuous sucrose density gradient centrifugation
Postnuclear supernatants, prepared as described in the preceding section, were fractionated on a continuous 10-40% (w/v) sucrose density gradient as previously described ( 17, 21, 22 ) . PNS samples adjusted to 2 ml were layered on to a sucrose gradient prepared by successive layers of 2 ml 40% (w/v), 2 ml 30%, 2 ml 25%, 2 ml 20%, 1 ml 15%, and 1 ml 10% sucrose in 10 mM Tris/ HCl, 1 mM EGTA, and 0.5 mM EDTA (pH 7.4). Gradients were centrifuged overnight at 180,000 g . After centrifugation, 12 × 1 ml fractions were harvested, beginning at the top of the gradient.
Immunoblotting and protein analyses
Samples were mixed with an equal volume of 2× sample buffer and separated by SDS-PAGE. Proteins were transferred to polyvinylidene difl uoride (PVDF) membranes and probed with various antibodies. Bound antibody was detected using the ECL system (GE Healthcare, Little Chalfont, Buckinghamshire, UK). In separate experiments, the protein content of equal-volume samples was determined by the Bradford assay, and proteins separated by SDS-PAGE were visualized using the colloidal Coomassie InstantBlue stain.
Cholesterol assay
The cholesterol content of equal-volume membrane fractions was assayed using the Amplex red cholesterol assay kit from Molecular Probes (Invitrogen, Paisley, UK).
and TGN lipid microdomains is complicated by the fact that these membranes are intrinsically of low buoyant density ( 17 ) . In equilibrium sucrose density gradients, endosomal and TGN membranes often fl oat to the 20-30% sucrose layer interface ( 17 ) , which is often the region in which caveolae and other low-buoyant-density plasma membrane microdomains are found ( 18, 19 ) . One way around this problem would be to isolate an endosome-rich membrane fraction prior to preparing microdomains. However, this tends to involve at least one density gradient procedure which can be technically diffi cult and may only achieve partial separation of intracellular vesicles from the plasma membrane. In this study, we describe a simple centrifugal preclearance step that takes 20 min and leads to the pelleting of all immunoreactivity against abundantly expressed markers for the endoplasmic reticulum, plasma membrane, and mitochondria, together with about 70% of the total cellular cholesterol content. The resultant supernatant is then subjected to sonication, carbonate extraction, and discontinuous sucrose gradient centrifugation similar to the method of microdomain isolation originally described by Song et al. ( 18 ) . We show that this membrane preparation contains a pool of cholesterol, phosphatidylinositol 4-phosphate (PI4P), and markers for the TGN and endosomal recycling compartment.
MATERIALS AND METHODS

Materials
Anti-EEA1, anti-LAMP-1, Anti-Rab11, anti-syntaxin 4, antisyntaxin-8, and anti-syntaxin-6 were from BD Biosciences (Oxford, UK). Protease inhibitor cocktail tablets (Complete™, without EDTA) were from Roche Diagnostics (Burgess Hill, West Sussex, UK). Anti-Rab7 was purchased from Cell Signaling Technologies (Hitchin, Hertfordshire, UK). Anti-Vps45 was bought from Synaptic Systems GmbH (Goettingen, Germany). Anti-prohibitin and anticalnexin were from Assay Designs and StressGen Biotechnologies (Ann Arbor, MI). HRP-conjugated cholera toxin B subunit, anti-AP1, anti-␣ 1,2-Mannosidase IA, and anti-Rab9 were purchased from Sigma-Aldrich (Poole, Dorset, UK). Anti-PI4KIII ␤ antiserum was purchased from Millipore (Watford, UK). Antibody to PI4KII ␣ was previously described ( 20 ) . For confocal microscopy, anti-TGN38 was purchased from AbD Serotec (Kidlington, UK), and anti-Rab11 was from Zymed Laboratories (San Francisco). DMEM and FBS were purchased from PAA laboratories (Yeovil, Somerset, UK), and penicillin/streptomycin were purchased from Sigma-Aldrich (Poole, Dorset, UK). [ ␥ -32 P]ATP and ECL Western blotting reagents were purchased from GE Healthcare (Little Chalfont, Buckinghamshire, UK). InstantBlue stain was from Expedeon (Cambridgeshire, UK). All other reagents were from Sigma-Aldrich (Poole, Dorset, UK).
Cell culture
A431, HT1080, and COS-7 cells were maintained at 37°C in a humidifi ed incubator at 5% CO 2 . Cells were cultured in DMEM containing stable glutamine, 10% fetal bovine serum, 50 IU /ml penicillin, and 50 g/ml streptomycin.
Subcellular fractionation by discontinuous sucrose density gradient centrifugation
of this lipid localizing to the TGN and late endosomal fractions 8-10 ( Fig. 1B ) . However, due to the poor resolution of different membranes in this preparation, it was not possible to unequivocally determine the amount of cholesterol associated with any individual subcellular compartment. To isolate a purer cholesterol-rich endomembrane fraction, an alternative approach was adopted.
Removal of cholesterol-rich plasma membrane and endoplasmic reticulum from cell homogenates
To improve the separation of cholesterol-rich endomembranes, we devised a strategy with the initial objective of removing the cholesterol-rich plasma membrane. For these experiments, we typically used two 14 cm dishes of confl uent cell monolayers. The cells were scraped into an isotonic homogenization buffer followed by gentle Dounce homogenization. A loose-fi tting homogenizer was used to minimize vesicularization of larger membranes, such as the plasma membrane and endoplasmic reticulum, to preserve their potential for rapid sedimentation. The resultant cell homogenate was centrifuged at Detection of GM1 glycosphingolipid. A dot blotting method was employed to establish the gradient distribution of GM1 glycosphingolipid ( 23 ) . Equal-volume samples of each subcellular fraction were dotted onto nitrocellulose membrane and probed with HRP-conjugated cholera toxin B subunit (1:10,000) to detect GM1 glycosphingolipid using ECL reagents.
Electron microscopy of sonicated membranes. Postnuclear supernatants were probe-sonicated in carbonate buffer as described in preceding sections and separated on a 40-35-5% w/v sucrose density gradient. Buoyant membranes were fi xed in suspension in 1% (w/v) OsO 4 , pelleted by centrifugation for 30 min in a benchtop centrifuge at maximum setting, stained with 2% (v/v) uranyl acetate for 1 h at 4°C in the dark ( 24 ) , and then imaged by electron microscopy.
Confocal immunofl uorescence studies
COS-7 cells were grown on poly(L)lysine-coated glass coverslips for 24 h and fi xed with 4% (v/v) formaldehyde for 10 min on ice. They were then permeabilized in 0.05% Triton X-100 for 5 min on ice, followed by immunostaining with anti-PI4KII ␣ , anti-syntaxin-6, anti-TGN-38, or anti-Rab11. After counterstaining with Hoechst 33342 (Invitrogen, Paisley, UK), the coverslips were mounted in ProLongGold anti-fade reagent (Invitrogen). Cells were imaged as described previously ( 25 ) using a Zeiss LSM 510 Meta laser-scanning confocal microscope system.
RESULTS AND DISCUSSION
Equilibrium density centrifugation results in incomplete organelle separation
Widely used preparations to prepare TGN-enriched membranes result in substantial coenrichment of late endosomal and Golgi-derived membranes and poor separation from lysosomal membranes. To illustrate this, we prepared postnuclear supernatants obtained from HT1080 cells disrupted by a loose-fi tting Dounce homogenizer in ice-cold isotonic buffer. The supernatants were separated on a 10-40% (w/v) sucrose gradient by equilibrium density gradient centrifugation. The membranes were found to distribute between fractions 7 and 12, which represent the 20-40% sucrose regions of the gradient ( Fig. 1 ). Equalvolume samples from each fraction were assessed for their endomembrane content by Western blotting for organellespecifi c marker proteins. Using this approach, we found that the gradient distribution of immunoreactivity against the late endosome-localized proteins syntaxin-8 ( 26 ) and Rab9 ( 27 ) exhibited substantial overlap with the TGN-targeted glycoprotein TGN38 ( 28, 29 ) in fractions 8-10 of the gradient ( Fig. 1A ) . Furthermore, Vps45, a protein that traffi cs between the TGN and endosomes ( 30 ) , was poorly resolved from the late endosomal and TGN marker proteins in fractions 9 and 10. We also examined the distribution of the lysosomal marker prenylcysteine lyase ( 31 ) and found that while it was mainly confi ned to the dense fractions 11 and 12, there was also a substantial amount in the TGN and late endosomal fractions. From these data, we infer that widely employed sucrose gradient centrifugation protocols do not clearly separate the TGN from late endosomal membranes or lysosomes. Furthermore, we observed that most of the cellular cholesterol distributed to the dense fractions 11 and 12, with 20-30% Detergent-free isolation of a buoyant-membrane fraction enriched for GM1 lipid. Cells were disrupted by gentle Dounce homogenization, and a nuclear pellet obtained by centrifuging the homogenate at 1,000 g . The 1,000 g pellet was resuspended in 1 ml of homogenization buffer to give the p1000 fraction. The postnuclear supernatant was centrifuged at 8,000 g for 20 min, and the pellet was resuspended in 1 ml of homogenization buffer to form the p8000 fraction. The 8,000 g supernatant was subjected to carbonate addition, sonicated, and bottom loaded on a 40-35-5% (w/v) discontinuous sucrose gradient. The gradient was subjected to overnight ultracentrifugation, and 12 × 1 ml gradient fractions were collected from the top of the tube. 1,000 g for 10 min to remove nuclei and unbroken cells, a standard procedure in many cell fractionation schemes. This gave rise to two cellular fractions: a nuclear p1000 pellet and a postnuclear supernatant. The postnuclear supernatant would be expected to contain all the cytosolic components and nonnuclear membranes released during the cell disruption procedure. Rather than immediately subfractionating the postnuclear supernatant, we decided to include another step to clear the cholesterol-rich plasma membrane. This step was also introduced to remove mitochondria, which often end up as contaminating membranes in lipid microdomain isolation experiments ( 16 ) . We reasoned that subjecting the postnuclear supernatant to short, intermediate-speed centrifugation might be sufficient to substantially remove large and dense organelles from the postnuclear supernatants, while buoyant and smaller vesicles, such as endosomes, would be less affected. This step gave rise to two further fractions: a p8000 pellet and a post-8,000 g supernatant . The post-8,000 g supernatant was pulsesonicated using a probe sonicator to generate submicron membrane fragments. In the absence of detergent, sonication has been employed previously to release cholesterol-rich membrane microdomains, such as caveolae ( 32 ), from larger membranes, and we confi rmed that these conditions resulted in the generation of 50-200 nm diameter vesicles ( Fig. 2A ) . Sonication was carried out in the presence of carbonate, as we previously established by guest, on August 28, 2017 www.jlr.org Downloaded from the buoyant membrane fraction is highly enriched for lipid relative to protein.
Western blots demonstrated that the plasma membrane marker syntaxin-4 (34), the endoplasmic reticulum resident protein calnexin (35) , and the mitochondrial protein prohibitin (36) were all confi ned to the p1000 and p8000 pellets ( Fig. 3A ) . No immunoreactivity against any of these highly expressed proteins could be detected in any of the subsequent fractions prepared by 40-35-5% (w/v) discontinuous sucrose gradient fractionation of the post-8,000 g supernatant ( Fig. 3A ) .
As one of the main objectives was to isolate cholesterolrich endomembranes, we examined the distribution of cholesterol in the different gradient fractions. We found that 5-10% of the cellular cholesterol was found in fractions 5-7, which correspond to the buoyant membrane fractions ( Fig. 3 ) . The remaining 70-80% of the total cellular cholesterol was mainly associated with the p8000 plasma membrane-enriched pellet and to a lesser degree with fractions 1-3 of the density gradient. These analyses demonstrated that a simple centrifugal clearance step was extremely effective in removing the plasma membrane, endoplasmic reticulum, and mitochondria from the sample prior to density gradient fractionation, and it facilitated that this minimizes membrane aggregation and facilitates the generation of small vesicles ( 19, 33 ) . Following sonication, the membranes were separated by equilibrium density centrifugation on a 40-35-5% (w/v) discontinuous sucrose gradient, and 1 ml fractions were collected beginning at the top of the ultracentrifuge tube. Equal-volume samples from each subcellular fraction were subsequently analyzed for their protein and cholesterol content.
Because lipid rafts are characteristically enriched for glycosphingolipids, we dot-blotted for the presence of the GM1 glycosphingolipid using HRP-labeled cholera toxin B subunit. We found that there was a signifi cant pool of GM1 lipid present in the buoyant region of the sucrose gradient at the interface of the 5 and 35% (w/v) sucrose layers, typically found between fractions 5 and 7 ( Fig. 2B ) . When the protein content of each subcellular fraction was assessed using either the Bradford assay or the more sensitive technique of colloidal Coomassie blue staining of SDS-PAGE gels, it was clear that the protein levels of the buoyant lipid-rich fractions were below the detection threshold of either technique ( Fig. 2 ) . As the gel-staining technique we used can detect as little as 5-25 ng of protein per band, these analyses led us to infer that the subsequent isolation of cholesterol-enriched, lowbuoyant-density membranes.
Characterization of the intracellular membrane preparation
Immunoblotting against a range of organelle-specifi c marker proteins was employed to establish the subcellular origin of the buoyant and cholesterol-rich membrane fraction ( Fig. 4 ) . We found that the interface between the 5% and 35% sucrose layers, typically found between fractions 5 and 7 of the gradient, contained a peak of immunoreactivity for the TGN and recycling endosome marker Rab11 ( 37 ) and the TGN/endosome-associated protein syntaxin-6 ( 38, 39 ) . A signifi cant proportion of the total cellular content of these two proteins was also found in the p8000 pellet, indicating the existence of biophysically distinct pools. Immunoreactivity for syntaxin-8, a protein involved in late endosomal and TGN traffi cking that has been localized to both early ( 40 ) and late endosomes ( 41 ), was confi ned largely to the preclearing pellet fractions, but a very small amount did cofractionate with the low-buoyant-density membranes. The pattern of immunoreactivity for Rab7, a small GTPase that localizes mainly to late endosomes ( 42 ) and also to the early endosomal compartment, was similar to syntaxin-8, although in the case of Rab7, all immunoreactivity was detected in the p8000 and p1000 pellets, with no immunoreactivity observed in the buoyant fraction. The lysosomal and late endosomal glycoprotein LAMP-1 exhibited a similar distribution to syntaxin-8, being mainly confi ned to the p8000 fraction, with very weak immunoreactivity present between the 5% and 35% sucrose layer interface. Annexin A2 associates with early endosomes ( 43 ) and has been implicated in the biogenesis of multivesicular bodies. We found that, similar to Rab7, annexin A2 was also confi ned to the p8000 and p1000 fractions. This is further evidence that early endosomes are not present in the buoyant membrane fraction. Immunoblotting against the TGN-recruited adaptor protein AP-1 ( 44 ) and the early endosome-recruited protein EEA1 ( 45 ) revealed that both proteins were localized to the dense fractions 8-12. Finally, the cis -Golgi marker GM130 ( 46 ) was enriched in the p8000 fraction and to a lesser degree the dense fractions 8-12. The removal of cis -Golgi membranes was confi rmed by immunoblotting against the Golgi protein ␣ 1,2-mannosidase IA ( 47, 48 ) , as immunoreactivity against this protein was confi ned to the p8000 and p1000 nongradient fractions. These results demonstrate effective clearance of Golgi stacks from the buoyant, cholesterol-rich membranes. The partial separation of TGN and cis -Golgi membranes in this fractionation scheme is signifi cant as there is a previous demonstration that markers from both these compartments partially overlap throughout the cis , medial, and trans -Golgi stacks ( 49 ) . However, the post-Golgi, highly tubular and vesicular TGN, which was absent from the membrane preparation used in the study by Taguchi et al. ( 49 ) , is the subcellular membrane enriched in the buoyant fraction described here.
Distribution of PI4P synthesis and PI4KII ␣
To illustrate a use for this procedure, we employed it to investigate the subcellular localization of the lipid kinase PI4KII ␣ , which catalyses the conversion of phosphatidylinositol to phosphatidylinositol 4-phosphate (PI4P). This enzyme has been localized in immunofl uorescence studies both to late endosomes ( 25, 50 ) and the TGN ( 44 ), where it is required for the recruitment of AP-1 ( 44 ) and AP-3 ( 50 ) adaptor proteins, respectively. However, there are some disagreements concerning the defi nitive steady state localization of the enzyme, and our previous work has revealed the existence of PI4KII ␣ pools of differing intrinsic activity ( 17, 21 ) . To elucidate which subcellular membrane is the main subcellular site for PI4P synthesis, we utilized the membrane fractionation procedure described here to compare the distribution of PI4KII ␣ protein with the distribution of PI4P synthesis using membrane-associated, endogenous phosphatidylinositol substrate, which reports PI4KII ␣ activity ( 20, 22, 51 ) . This revealed a peak of [ 32 P]PI4P generation, amounting to 50-60% of the cellular total, in a buoyant membrane fraction situated in the cholesterol-rich fractions 5-7 of the gradient ( Fig. 5 ) . As Western blotting of the gradient fractions by guest, on August 28, 2017 www.jlr.org Downloaded from ( Fig. 5 ) revealed that more PI4KII ␣ protein was present in the p8000 late-endosome enriched pellet than in the buoyant interface fractions, we infer that the buoyant pool of PI4KII ␣ corresponds to the active pool of the enzyme we described previously ( 21 ) . Therefore, in this example, this new fractionation scheme permits an assessment of the relative levels of PI4KII ␣ and PI4P synthesis on different endomembranes and also the degree to which PI4P synthesis is compartmentalized on endomembrane microdomains.
Immunofl uorescence analyses
Our immunoblotting analyses suggested that there may be colocalization between TGN and recycling endosome markers, which given the intrinsic buoyancy of these membranes and their resistance to sedimentation at 8,000 g , was likely to occur on small vesicles. On the other hand, there was also a possibility that the cofractionation of TGN and recycling markers could have resulted from sonicationinduced membrane fusion. We investigated these sce narios with confocal immunofl uorescence studies to visualize the localizations of Rab11 and TGN38 in fi xed cells. We found partial overlap between these proteins on juxtanuclear puncta ( Fig. 6 ) and on small peripheral vesicles. Colocalization of Rab11 and TGN38 on small peripheral vesicles suggests that our subcellular fractionation strategy results in signifi cant enrichment of a subset of postGolgi-traffi cking vesicles ( 52 ) . We conclude that the buoyant membrane fraction consists of cholesterol-rich membrane domains that originate from TGN vesicles or endosome-TGN intermediates (reviewed in Ref. 53 ). Therefore, this straightforward subcellular fractionation method facilitates a rapid, detergent-free isolation of lipid-rich membrane domains from these highly dynamic traffi cking vesicles and can be used to provide insights into the subcellular compartmentalization of lipid metabolism and vesicular traffi cking.
